Intercalation of different species under graphene on metals is an effective way to tailor electronic properties of these systems. Here we present the successful intercalation of metallic (Cu) and gaseous (oxygen) specimens underneath graphene on Ir(111) and Ru(0001), respectively, that allows to change the charge state of graphene as well as to modify drastically its electronic structure in the vicinity of the Fermi level. We employ ARPES and STS spectroscopic methods in combination with state-of-the-art DFT calculations in order to illustrate how the energy dispersion of graphenederived states can be studied in the macro-and nm-scale experiments.
I. INTRODUCTION
Intercalation compounds on the basis of different layered host materials attract a lot of attention in the last decades. The most common examples, which appeared naturally during studies of the transport properties of graphite, are the graphite intercalation compounds (GICs) [1] , which can be formed in different ways via incorporation of atoms of metals or nonmetals or big molecules between single graphite layers. Further studies lead to the discovery of intercalation compounds on the basis of layers of CoO 2 (Li x CoO 2 , Na x CoO 2 , etc.) [2] , transition metal dichalcogenides (Cu x TiSe 2 , Li x MoS 2 , etc.) [3] and many others. All these studies demonstrate that chemical and physical properties of the intercalant hosts might be modified via controllable tailoring their electronic band structure, sometimes leading to the observation of new phenomena, which were previously not observed for the parent material, like superconductivity in alkali-metal GICs [4] or Cu x TiSe 2 [5] .
In case of intercalation compounds on the basis of graphite or transition metal dichalcogenides, inserting intercalant layers leads to the decoupling of 2D layers of the host material from each other allowing to perform studies of the electronic structure of the single layers, which is modified by the presence of intercalant. It is interesting that despite the 3D crystallographic structure of these materials and change of the periodicity in the system upon intercalation, the valence band structure of the resulting materials has a symmetry of the host material [6] [7] [8] . This effect was nicely demonstrated in the angle-resolved photoelectron spectroscopy (ARPES) experiments on La-GIC compound [6, 8] , where band structures of a 2D host graphene layers and the inserted La layer, which have different symmetries, give the photoemission signals in the Brillouine zone of the respective symmetry. It was shown that if the symmetry of the sub-systems is different and the interaction between atoms in the sub-unit is stronger than between units of the crystal, then the folded bands are not observed in the photoemission experiment. Similar consideration is also valid for the local spectroscopic experiments, such as scanning tunneling spectroscopy (STS) or transport measurements, where effect of additional periodicity can change the transport coefficients dramatically.
Graphene (gr), as a pure 2D material, is a subject of the intensive studies after its extraordinary transport properties, caused by the linear dispersion of the electronic states in the vicinity of the Fermi level (E F ), were discovered [9, 10] . Besides the perspectives for graphene to be used in different technological applications, e. g. in gas sensors [11] , in touch screens [12] , or as a protective anticorrosion layer [13] [14] [15] [16] , it is a perfect material to study different physical phenomena in 2D materials that in many cases leads to the observation of the new fascinating effects. For example, if exfoliated graphene flake is placed on the h-BN substrate, then the small missalignment of two sublattices leads to the formation of the moiré lattices in this system that influences the electronic spectrum of graphene and the so-called Hofstadter butterfly spectrum of electrons, which movement is influenced by simultaneously acting periodic potential and the external magnetic field [17, 18] .
Further example is the graphene/metal system [19] [20] [21] [22] , where graphene is usually synthesised via chemical vapour deposition (CVD) technique. Here the interaction between graphene and the metallic substrate can be modified by placing different species (atoms of metals or non-metals, molecules, like CO, H 2 O, or C 60 ) underneath graphene [23] [24] [25] [26] [27] [28] [29] [30] [31] . The main goal of such studies is to decouple graphene from the metallic substrate, that in most cases changes the doping level of graphene (and even its sign) and to restore the original linear dispersion of the graphene-derived states in the vicinity of the Fermi level. Here ARPES and STS techniques allow to perform electronic structure studies on the macroor/and nm-scale giving information about doping level, gap opening, band dispersion and renormalization, and also providing new physics, which shed light on the new phenomena in graphene [22, [32] [33] [34] [35] [36] .
In the present work we demonstrate the application of space-integrated (ARPES) and local (STS) spectroscopic methods in combination with density-functional theory (DFT) calculations for investigation of the electronic band structure of the graphene-based intercalation systems on metals: gr/Cu/Ir(111) and gr/O/Ru(0001). Both systems show the electronic properties (doping level and band dispersions) which are different from those for the parent systems, demonstrating the effective ways to tailor physical and chemical properties of the graphene/metal interface. This work is an extended review of the previously published results [30, 36] . The DFT calculations were carried out with the VASP program [37] using the projector augmented wave (PAW) method [38] , a plane wave basis set, and the generalised gradient approximation as parameterised by Perdew et al. [39] . The plane wave kinetic energy cutoff was set to 400 eV. The long-range van der Waals interactions were accounted for by means of the DFT-D2 approach [40] . primitive unit cell according to the procedure described in Refs. [41, 42] using the BandUP code.
II. EXPERIMENTAL DETAILS

III. RESULTS AND DISCUSSIONS
A. Systems preparation and characterization. between graphene π and Ir 5d z 2 states [43, 44] . For graphene on Ru(0001) the direct imaging contrast is prevailed in STM images for low bias voltages due to the domination of the topographic contribution in the STM imaging [30, [45] [46] [47] .
Intercalation of Cu and oxygen in gr/Ir(111) and gr/Ru(0001) (Figure 1 , bottom row), respectively, conserves the periodicity of the moiré lattices (pseudomorphic growth of Cu at the gr/Ir interface [36] and (2 × 1)-O structure at the gr/Ru interface [30] ), but leads to the dramatic changes in the STM imaging contrast. After intercalation the imaging contrast is direct for gr/Cu/Ir(111) and the STM contrast for gr/O/Ru(0001) becomes extremely flat.
Such changes in the imaging contrast for both systems are the reflection of the respective modifications in the electronic structure of graphene on the corresponding support and they are the subjects of the further ARPES and STS studies of the respective systems.
In order to control the formation of the gr/Cu/Ir(111) system, which STM images might be, at some imaging conditions, similar to those of gr/Ir(111), the process of Cu intercalation under graphene on Ir(111) was monitored in the live-XPS measurements, where C 1s and Ir 4f core levels were acquired as functions of time with sample temperature ramped from room temperature to 850 K. Fig. 3(a) ].
According to the recent theoretical works [36, 43, 48] , the interaction between graphene and Ir (111) covered by graphene [52, 53] .
Intercalation of Cu in gr/Ir(111) leads to the significant changes in the observed ARPES picture [ Fig. 3(b) ]. For the formed intercalation system, the energy shift of the Dirac point is observed, resulting in the n-doping of graphene, E D − E F = −0.69 ± 0.01 eV. The most important observation is the opening of the energy gap of (0.36 ± 0.01) eV for the graphene π states directly at the Dirac point. Similar behavior was also observed for the other intercalation systems with Cu, Au, and Ag used as intercalants [54] [55] [56] . It is interesting to note that a substantial hybridization between graphene π state and Cu 3d states is observed in the binding energy range of ≈ 2−4 eV. This effect is reflected in the opening of the energy gaps at the energy and wave-vector values, where π states are intersected by Cu 3d bands.
As will be shown later this effect of hybridization and space-overlap of the graphene-derived π states with the Cu 3d states of different symmetry has an important implication on the spectral function of graphene π states at the Dirac point. In general case [59] we can say that the following hybrid states are formed: The crystallographic structure of gr/O/Ru(0001) was studied in details by means of STM and non-contact atomic force microscopy (AFM) in Ref. [30] and it was shown that graphene in this system is extremely flat with the corrugation of the moiré structure of only 0.1Å.
The electronic structure of this nearly free-standing graphene was studied by means of STS [30] . This effect together with the previously observed by ARPES strong p-doping of graphene in the later system [62] indicates the decoupling of graphene from the substrate and restoring of the nearly free-standing character of the electronic states of graphene.
In order to obtain information about electronic structure of graphene in the intercalation system we performed local scale STS experiments on gr/O/Ru(0001). In the first approach we collected a series of dI/dV maps at different bias voltages (U T ). One of such map acquired at U T = +50 mV is shown in Fig. 5 thus, forming the moiré lattice. Such structure was found to be adequate for the description of this system, giving the accurate description of the crystallographic and electronic structure of gr/Ru(0001) [30, 47] . In our analysis we use the structure where after intercalation of O 2 in gr/Ru(0001), the oxygen atoms form the p(2 × 1) structure with 0.5 ML coverage with respect to Ru(0001) at the interface between graphene and Ru. It is supported by the experimental observations as well as by the calculated doping level [30, 62, 66, 67] .
Figure 6(a) shows the calculated band structure of the graphene/O/Ru(0001) system in the supercell geometry described earlier and unfolded for the (1 × 1) unit cell of graphene.
Although the complete band structure has a "spaghetti-like" view due to the folding of the bands, the main graphene-derived bands, π and σ, can be easily recognised. One can clearly see that after intercalation of oxygen in gr/Ru(0001), graphene becomes nearly freestanding and its electronic states are completely decoupled from the Ru substrate (compared to gr/Ru(0001) [30, 62, 68] ). Analysis of the electronic structure in the vicinity of the K-point of graphene in this system shows that the π band has a linear dispersion with a position Calculated CECs at different energies with respect to E D (and respectively at different U T ) can be used for modelling of the FFT scattering maps in STS experiments. As was shown in Refs. [63, 69] , the power spectrum in the FFT map can be build on the basis of a joint-density-of-states (JDOS) approach, where one simply counts the number of pairs of 
IV. CONCLUSIONS
In the present manuscript we demonstrate the successful application of the space-resolved (local) and space-integrated spectroscopic methods for the investigation of the electronic structure of the graphene intercalation systems formed on metals. All experimental data were reproduced in the DFT calculations allowing to understand the mechanisms leading to the formation of the spectrum of the charge carriers in graphene (doping level, gap openings, etc.). Two cases, of metal (Cu) and non-metal (oxygen) intercalation, were considered. In both cases the reversing of the doping level of graphene compared to the parent systems was observed. In the ARPES studies of gr/Ir(111) and gr/Cu/Ir(111) we followed the changes in the electronic structure and found n-doped graphene in the later case, with the position of the Dirac point of E D − E F = −0.69 eV and the band gap of 0.36 eV directly at E D .
Symmetry analysis of the respective states around E D allows to draw the mechanism, which is responsible for the modifications of the band dispersion around the Dirac point. After intercalation of oxygen in gr/Ru(0001), a strong p-doping of graphene was found, which was confirmed in our DFT calculations. Band dispersion in the vicinity of E F of the graphene π states for the obtained intercalation system was extracted in the analysis of the FFT-STS maps and the main results were reproduced in the framework of the JDOS approach for the strongly p-doped nearly free-standing graphene. 
